Superoxide radicals are produced in trace amounts by the mitochondrial respiratory chain. Most are removed rapidly by superoxide dismutase in the matrix. Superoxide is also known to react with glutathione. Reported values of the rate constant for this reaction range from 10 2 to in excess of 10 5 M −1 · s −1 . The magnitude of this rate constant has important physiological implications because, if it is at the upper end of the reported range, a significant proportion of mitochondrial superoxide will evade removal by superoxide dismutase, and will oxidize glutathione to the potentially harmful glutathionyl radical. Using EPR spectroscopy to monitor competition between glutathione and the spin trap 5,5-dimethyl-1-pyrroline N-oxide for reaction with superoxide, we have estimated that the rate constant for the reaction between superoxide and glutathione is only ∼200 M −1 · s −1 . Hence superoxide dismutase will always out-compete glutathione for reaction with the superoxide radical, thereby preventing formation of the glutathionyl radical.
Introduction
As a result of electron leakage from the mitochondrial respiratory chain, superoxide radicals (O 2
•− ) are produced in trace amounts by all aerobic cells. In fact, around 2% of the oxygen consumed by mitochondria is reduced to superoxide rather than water [1, 2] , and in humans as much as 0.2-0.4 mol of superoxide are generated per day from mitochondrial respiration alone [3] .
The majority of superoxide will undergo rapid disproportionation to hydrogen peroxide and oxygen, which can be either spontaneous (k obs = 5.4 × 10 5 M −1 · s −1 at pH 7.4) or catalysed by mitochondrial Mn-SOD (manganese-containing superoxide dismutase; k = 2.3 × 10 9 M −1 · s −1 ) [3] . Superoxide can also react with nitric oxide to generate the peroxynitrite anion (ONOO − ; k = 1.9 × 10 10 M −1 · s −1 ) [4] , which can lead to DNA damage and lipid peroxidation, or may inactivate aconitase by oxidation of its iron-sulphur cluster
Superoxide scavenging by GSH
GSH plays an important role in the protection of cells from reactive oxygen species. As well as acting as the cofactor for glutathione peroxidase, where it provides two electrons for the reduction of hydrogen peroxide to water, it can also act as a radical-scavenging antioxidant. GSH is oxidized by superoxide to the potentially damaging glutathionyl radical (GS • ):
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The glutathionyl radical is known to be capable of hydrogen atom abstraction from the polyunsaturated fatty acid side chains of lipids [6] , initiating lipid peroxidation. It can also abstract hydrogen from carbohydrates [7] and peptides [8] .
Reported values of the rate constant for the reaction of superoxide with GSH (k 1 ) range between 500 and 1.8 × 10 5 M −1 · s −1 [9] [10] [11] [12] [13] . The magnitude of k 1 has important physiological implications, since it determines whether a significant proportion of mitochondrial superoxide will evade reaction with Mn-SOD and react with GSH to form the damaging GS
• radical.
and [GSH] = 10.7 mM, the rate of reaction of superoxide with GSH is:
and [Mn-SOD] = 3 µM, the rate of reaction of superoxide with Mn-SOD will be:
Therefore the proportion of superoxide reacting with GSH = 1926/(1926 + 6900) = 22%. For the above reasons, careful evaluation of the rate constant for the reaction of superoxide with GSH is of great importance in determining the fate of mitochondrial superoxide. Only individual spectra are shown for clarity; in the experiments described, composite spectra were observed.
EPR spin-trapping
Unstable free radicals react with spin traps to form relatively stable radical adducts, which may be characterized by EPR spectroscopy. We have investigated the kinetics of the reaction between GSH and superoxide by studying the competition between GSH and the spin trap DMPO (5,5-dimethyl-1-pyrroline N-oxide) for reaction with superoxide ( Figure 1) .
Superoxide was generated using xanthine oxidase. In the presence of 100 mM DMPO, a composite EPR spectrum was detected. This consisted of signals from the superoxide and hydroxyl radical adducts of the spin trap, DMPO/
• OOH and DMPO/
• OH respectively (Figure 1 ). Hydroxyl radicals are released spontaneously from the DMPO/ • OOH adduct and are then trapped by DMPO (Figure 1, reactions A and B) . Upon addition of 0.5 mM GSH, an increase in the intensity of the signal from the DMPO/
• OH adduct was observed, but the DMPO/
• SG adduct was not seen. In order to observe the DMPO/
• SG signal it was necessary to increase the concentration of GSH or to lower the concentration of spin trap, suggesting a low rate of reaction between superoxide and GSH. The signals from DMPO/
• OH and DMPO/ • SG are very similar (Figure 1 ): a previous overestimation of k 1 using a spin-trapping approach can be explained by the incorrect assignment of the DMPO/
• OH signal to DMPO/ • SG [12] . Generation of 'authentic' DMPO/
• SG using horseradish peroxidase, hydrogen peroxide and GSH confirmed that the signal we assign to DMPO/
• SG is correct [14] . DMPO/ • OOH was found to undergo a direct two-electron reduction to DMPO/
• OH by GSH (Figure 1 , reaction C). We used ethanol as an
• OH scavenger and showed that free • OH radicals are not involved in this process.
Estimation of the rate constant for the reaction between superoxide and glutathione
EPR spin-trapping experiments were performed in the presence of 40 mM DMPO and various concentrations of GSH up to 40 mM. The relative contributions of the DMPO/ • OOH, DMPO/
• OH and DMPO/ • SG adducts to the composite spectra were estimated by computer simulation. The interpretation of these data was complicated by the fact that
• OH radicals can also react with GSH to generate GS
• radicals ( Figure 1, reaction D) . Consideration of the kinetics of the competition between GSH and DMPO for reaction with • OH showed that, at GSH concentrations below 5 mM, • OH reacts predominantly with DMPO [14] . Taking into account all of the possible reactions in the system (Figure 1) , the rate equation for the removal of superoxide radicals was determined as: concentration of GSH over the 0-5 mM range gave a straight line, from the slope of which k 1 was determined to be 220 ± 10 M −1 · s −1 (Figure 2 , inset).
Conclusions
Our evaluation of the rate constant for the reaction of superoxide with glutathione as 220 ± 10 M −1 · s −1 is in broad agreement with estimates obtained in previous studies using different methodologies, which are in the 500-1000 M −1 · s −1 range [11, 13] . We conclude, therefore, that mitochondrial Mn-SOD will always out-compete glutathione for reaction with superoxide.
